The bacterial helicase-nuclease complex AddAB converts double-stranded DNA breaks into substrates for RecA-dependent recombinational repair. Here we show that the AddB subunit contains a novel class of nuclease domain distinguished by the presence of an iron-sulfur cluster. The cluster is co-ordinated by an unusual arrangement of cysteine residues that originate from both sides of the AddB nuclease, forming an "iron-staple" that is required for the local structural integrity of this domain. Disruption of the iron-sulfur cluster by mutagenesis eliminates the ability of AddAB to bind to duplex DNA ends without affecting the single-stranded DNA-dependent ATPase activity. Sequence analysis suggests that a related iron-staple nuclease domain is present in the eukaryotic DNA replication/repair factor Dna2, where it is also associated with a DNA helicase motor. Double-stranded DNA (dsDNA) breaks are caused by a variety of endogenous and exogenous factors including the collapse of impaired DNA replication forks. Unrepaired or mis-repaired breaks lead to genomic instability or cell death, and consequently cells have developed mechanisms to repair them (1). In one such mechanism, DNA breaks are salvaged by the recombinational repair machinery which uses a homologous DNA molecule as a template for the accurate repair of the damage. This process is initiated by the conversion of the free DNA end into a 3′ single-stranded DNA (ssDNA) overhang which is a substrate for RecA/Rad51 nucleoprotein filament formation (2,3). In many bacteria, this initiation step is performed by a helicase-nuclease complex, of which there are two distinct classes. The RecBCD-type enzymes are found in Gram (-)ve bacteria, whereas AddAB-type complexes are found in Gram (+)ve bacteria and some proteobacteria (4-8). The prototypical members of each class are the well-studied E. coli RecBCD enzyme and the B. subtilis AddAB complex. Eukaryotic cells do not possess obvious structural homologues of either type of complex. In bacteria, loss of AddAB/RecBCD activity results in defective recombination pathways, sensitivity to DNA damaging agents and, in pathogenic species, to a reduction in the ability to resist oxidative attacks from phagocytic cells (9 and references therein).
The bacterial helicase-nuclease complex AddAB converts double-stranded DNA breaks into substrates for RecA-dependent recombinational repair. Here we show that the AddB subunit contains a novel class of nuclease domain distinguished by the presence of an iron-sulfur cluster. The cluster is co-ordinated by an unusual arrangement of cysteine residues that originate from both sides of the AddB nuclease, forming an "iron-staple" that is required for the local structural integrity of this domain. Disruption of the iron-sulfur cluster by mutagenesis eliminates the ability of AddAB to bind to duplex DNA ends without affecting the single-stranded DNA-dependent ATPase activity. Sequence analysis suggests that a related iron-staple nuclease domain is present in the eukaryotic DNA replication/repair factor Dna2, where it is also associated with a DNA helicase motor. Double-stranded DNA (dsDNA) breaks are caused by a variety of endogenous and exogenous factors including the collapse of impaired DNA replication forks. Unrepaired or mis-repaired breaks lead to genomic instability or cell death, and consequently cells have developed mechanisms to repair them (1) . In one such mechanism, DNA breaks are salvaged by the recombinational repair machinery which uses a homologous DNA molecule as a template for the accurate repair of the damage. This process is initiated by the conversion of the free DNA end into a 3′ single-stranded DNA (ssDNA) overhang which is a substrate for RecA/Rad51 nucleoprotein filament formation (2, 3) . In many bacteria, this initiation step is performed by a helicase-nuclease complex, of which there are two distinct classes. The RecBCD-type enzymes are found in Gram (-)ve bacteria, whereas AddAB-type complexes are found in Gram (+)ve bacteria and some proteobacteria (4) (5) (6) (7) (8) . The prototypical members of each class are the well-studied E. coli RecBCD enzyme and the B. subtilis AddAB complex. Eukaryotic cells do not possess obvious structural homologues of either type of complex. In bacteria, loss of AddAB/RecBCD activity results in defective recombination pathways, sensitivity to DNA damaging agents and, in pathogenic species, to a reduction in the ability to resist oxidative attacks from phagocytic cells (9 and references therein).
Both AddAB and RecBCD catalyse the same overall reaction, converting a DNA break into a 3′-ssDNA overhang in a manner that is regulated by the specific DNA sequence Chi (crossover hotspot instigator). They bind tightly to the free DNA end, and then translocate into, and unwind, the DNA duplex using energy derived from the hydrolysis of ATP. Prior to Chi recognition, the enzymes degrade both nascent ssDNA strands. However, upon encounter with the Chi sequence, the nuclease activity on the 3′>5′ strand is attenuated, but the enzymes continue to unwind the DNA duplex and degrade the 5′>3′ strand. The net result is a dsDNA molecule with a 3′-ssDNA tail terminating with a Chi sequence (10).
Despite their functional similarity, AddABand RecBCD-type complexes are structurally and mechanistically distinct. DNA translocation and unwinding is driven by Superfamily I helicase motors in both cases. However, the RecBCD enzymes employ two motors of opposite polarity to drive translocation along DNA (11, 12) , whereas AddAB-type systems rely on a single helicase domain (4) . In RecBCD, a single nuclease active site is responsible for all cleavage events on both strands of the duplex (13) . This activity resides in a discrete ~30 kDa domain in the RecB polypeptide (14) which is the prototypical member of the "RecB-like" family of nucleases (15) . In contrast, the AddAB-type enzymes employ a dualnuclease mechanism: two RecB-family nuclease domains, found at the C-termini of the AddA and AddB subunits, are responsible for cleavage of the 3′>5′ and 5′>3′ strands respectively ( Figure 1A ) (16, 17) . The RecB-family of nuclease domains is distinguished by the presence of a family-specific motif containing conserved glutamine and tyrosine residues (15, 18) . This motif may transiently stabilise the scissile ssDNA strand at the nuclease active site and is potentially of special importance in the case of enzymes that cleave DNA while moving, as in helicase-nuclease complexes (19) . In a subset of RecB-family nucleases, three conserved cysteine residues were previously noted that might be responsible for metal co-factor coordination (18) . In this report, we demonstrate that the nuclease domain of AddB contains an ironsulfur cluster and identify four conserved cysteine residues that co-ordinate this cluster. We have found equivalent conserved residues in other RecB-family nucleases, establishing a new group of iron-containing nucleases which includes the essential eukaryotic DNA replication/repair factor Dna2. We further show that, in AddAB, the ironsulfur cluster stabilises the local structure of the associated nuclease domain and is essential for the binding and processing of broken DNA.
EXPERIMENTAL PROCEDURES
AddAB mutagenesis, expression and purificationMutagenesis, expression and purification of the AddA and AddAB proteins were performed as described previously with slight modifications (16). We are unable to purify AddB protein separately because it is highly insoluble when over-expressed in the absence of AddA. A detailed description of these procedures is available in the Supplementary Methods section. Bathophenathroline iron chelation assay-The amount of iron in AddAB preparations wa s calculated using the bathophenathroline assay (20) . AddAB samples ranging from 16 to 33 µM were denatured by incubation with concentrated HCl at 100 o C for 15 minutes. Following neutralisation and the removal of insoluble material, ascorbic acid, followed by disodium bathophenanthrolinedisulfonate salt (Fluka) were added to 0.26% and 0.021% respectively. Samples were incubated at room temperature for one hour prior to the absorbance at 535 nm being measured. The concentration of Fe 2+ was calculated using the extinction coefficient 22,369 M -1 cm -1 (21) . Electron paramagnetic resonance spectroscopyAddAB protein (~10 mg/ml) was oxidized with 0.3 mM K 3 Fe(CN) 6 for ten minutes. EPR spectra were measured on a Bruker ESP300 spectrometer with an ER4122 Super-high-Q cavity and an Oxford Instruments ESR900 helium flow cryostat. The conditions were as follows: temperature 12K, microwave power 2 mW, frequency 9.387 GHz, field modulation amplitude 0.19 mT, frequency 100 kHz. Analytical gel filtration-AddAB samples (concentration 1µM, volume 100 µl) were injected onto a Superdex 200 HR 10/30 gel filtration column (GE healthcare) equilibrated in 20 mM Tris-Cl pH 7.5 0.1 mM EDTA, 150 mM NaCl, 0.1 mM dithiothreitol. Protein from the peak fractions was precipitated with 4 volumes of -20 o C acetone before analysis with 10% SDS-PAGE. The standard curve was generated by running protein standards (Sigma) under identical conditions. Limited trypsin proteolysis-Reactions containing 50 mM Tris-acetate, 2 mM magnesium acetate, 1 mM dithiothreitol and 1 µM AddAB were initiated by addition of trypsin to 1 µg/ml. Reactions were allowed to proceed at room temperature for the indicated times prior to quenching with an equal volume of 63 mM Tris Cl pH 6.8, 2% SDS, 25% glycerol and 715 mM 2-mercaptoethanol. Samples were analysed on 10% SDS polyacrylamide gels. Prior to N-terminal sequencing (Proteomics Facility, University of Bristol), samples were transferred to PVDF membrane using standard techniques. Electrophoretic mobility shift assay-DNA substrates consisted of a 15 bp duplex region with four base 3' overhangs as described previously (16). AddAB (2nM) and AddAB Fe-S mutants (200nM) were mixed with 1 nM radiolabelled substrate DNA in buffer containing 25 mM Tris acetate pH 7.5, 2 mM magnesium acetate, 2.5% Ficoll 400, 1 mM dithiothreitol. Samples were incubated at 20 o C for 10 minutes prior to electrophoresis through 8% polyacrylamide gels in TBE. Gels were dried on DEAE paper, exposed to phosphor screens and visualised using a Typhoon 9400 with image quant software. Luminol metalloprotein detection-Non-denaturing polyacrylamide gels were stained for the presence of metalloproteins using the chemiluinescent substrate luminol (Sigma) (22, 23) . Briefly, 10 µg proteins were separated by native PAGE through 6% gels using Laemmli buffers without SDS. Gels were washed extensively in Milli-Q water (Millipore) prior to 2 minutes incubation in 50 ml chelex-100 (Sigma) treated luminol solution (11 mM luminol, 500 mM Na 2 
RESULTS

AddAB contains an iron-sulfur cluster that is coordinated by four conserved cysteine residues flanking the AddB nuclease domain-Purified
Bacillus subtilis AddAB complex displays properties that are characteristic of iron-sulfur proteins ( Figure 2 ). The protein preparation appears yellow-brown at high concentrations ( Figure 2A ) and the absorbance spectrum has a broad shoulder of absorbance to around 450 nm, reminiscent of those displayed by proteins containing [3Fe-4S] and [4Fe-4S] clusters ( Figure  2B ) (24) . To show directly that purified AddAB contains iron, the sample was denatured and reduced, allowing the chelation of Fe 2+ by bathophenathroline and the determination of the iron concentration using a colorimetric assay. Several different preparations of AddAB were found to contain anywhere between 2.5 and 3.5 Fe 2+ ions per AddAB heterodimer ( Figure 2C and data not shown).
To confirm the presence of an iron-sulfur cluster, and to obtain information regarding its structure, we employed electron paramagnetic resonance (EPR) spectroscopy. Neither native AddAB (as prepared), nor the preparation reduced with sodium dithionite, produced an EPR signal. However, treatment with the oxidising agent potassium hexacyanoferrate(III) yielded a strong EPR signal with principal g-factors 2.019, 1.997 and 1.962 ( Figure 2D (27) . The type of iron-sulfur cluster present can potentially also be distinguished by considering the sequence around the co-ordinating amino acids. For example, the most common coordination spheres for [4Fe-4S] centres involve four conserved cysteine ligands, at least three of which are closely spaced in the primary sequence while the fourth can be distant (28) . However, there are a few examples in which one cysteine is replaced by either a histidine, aspartate or serine residue (29) . The AddB polypeptide contains exactly four conserved cysteine residues ( Figure  1 ). The second, third and fourth candidate ligands are located to the C-terminal side of the AddB nuclease domain in the pattern C-X 2 -C-X 5 -C. These residues are equivalent to the conserved cysteine triplet previously noted in some RecBfamily nucleases (18) and their spacing is equivalent to the last three cysteine ligands in certain iron-sulfur containing DNA glycosylases (30, 31) . The first candidate cysteine ligand (C801) is located some 300 amino acids away from the triplet, on the N-terminal side of the nuclease domain ( Figure 1 ).
To confirm the identity of the putative ironsulfur cluster ligands, we used site directed mutagenesis to replace the candidate residues with alanine. Four single cysteine mutant proteins (AddAB
C801A
, AddAB
C1121A
C1124A
C1130A
) were expressed and purified using the same procedure as for wild type AddAB (Supplementary Figure 1) . In all four mutant proteins (hereafter "Fe-S mutants"), the shoulder of absorbance to 450 nm was abolished and the preparations were colourless at concentrations up to 10 mg/ml (Figures 2A and 2B ). Moreover, they contained significantly reduced (~ 5-fold) levels of iron compared to wild type AddAB ( Figure 2C ). Together with the EPR spectroscopy, the simplest interpretation of these data is that AddAB contains a cubane [4Fe-4S] cluster co-ordinated by the four conserved cysteine residues C801, C1121, C1124 and C1130.
The iron-sulfur cluster in AddB is not required for interaction with AddA protein-Our ability to purify the Fe-S mutants in the same manner as wild type AddAB suggested that they were not grossly affected in terms of tertiary and quaternary structure. Nevertheless, their structural integrity was investigated further using circular dichroism (CD) spectroscopy and analytical gel filtration chromatography. The CD spectra for wild type and all four mutant complexes were essentially identical (Supplementary Figure 2) and characteristic of a mixed αβ structure, indicating that most or all of each mutant complex was correctly folded. In gel filtration chromatography experiments (Figure 3) , each Fe-S mutant complex eluted as a single symmetrical peak at an apparent molecular mass of 310 kDa. Wild type AddAB eluted at 270 kDa, in excellent agreement with an expected molecular mass for an AddAB heterodimer of 275 kDa. In all cases, the peaks contained the AddA and AddB polypeptides in a 1:1 stoichiometry ( Figure 3B ). Purified AddA protein eluted with an apparent molecular mass of 177 kDa compared to an expected value of 143 kDa. There was no evidence for any material running at the position of free AddA in the AddAB preparations. Unfortunately, we were unable to purify and compare the isolated AddB protein in these experiments due to insolubility problems during expression. Together, these data demonstrate that each mutant AddB protein forms a stable heterodimer with AddA under these conditions. The small but reproducible difference in apparent molecular mass between the wild type and mutant complexes may indicate a subtle structural defect in the Fe-S mutant AddAB enzymes.
The iron-sulfur cluster acts as a "staple" to stabilise the AddB nuclease domain-The intriguing distribution of the four cysteine ligands, immediately flanking either side of the entire RecB-family nuclease domain, suggested a potential structural role for the iron-sulfur cluster in stabilising the local structure of the nuclease domain (see Figure 1) . To test for subtle defects in the structure of the AddAB complexes we employed limited trypsin digestion. Trypsin cleaves exposed peptide bonds to the carboxyl side of arginine and lysine residues.
Under the conditions employed in our experiments, wild type AddAB complexes were largely resistant to trypsin digestion, with both the AddA and AddB subunits remaining intact over the timecourse. In distinct contrast, the AddB subunits of the mutant complexes were sensitive to trypsin proteolysis, rapidly degrading to form a stable fragment of approximately 85 kDa ( Figure 4A , band I). Several smaller products were transiently produced, the largest of which was about 45 kDa ( Figure 4A , band II). The N-terminal sequence of the 85 kDa stable fragment corresponded to the Nterminus of AddB. The 45 kDa fragment produced two distinct N-terminal sequences, generated by cleavage after R777 and R794. We conclude that both of these fragments are produced by cleavage of the entire C-terminal nuclease domain of AddB at a position just upstream of the first iron-sulfur cluster ligand (C801). Note that the same region of trypsin sensitivity is formed regardless of which of the four cysteine ligands is mutated, even though the cysteine triplet (C1121, C1124 and C1130) is located approximately 300 amino acids away from the site in question (Supplementary Figure 3) . This result supports our previous assignment of the iron-sulfur ligands as originating from both flanking regions of the nuclease domain. The cluster acts as an "iron-staple" to pin back the nuclease domain and its removal results in a localised loss of structural integrity ( Figure 4B ). At this stage, we cannot discriminate between the local, but complete, unfolding of the AddB nuclease domain or a simple "unhinging" of an otherwise folded domain. This structural defect provides a simple explanation for the apparent molecular mass difference detected by gel filtration analysis (Figure 3) .
The iron-sulfur cluster is essential for dsDNA end binding-Wild type AddAB binds very tightly to its physiological substrate: a blunt, or nearly blunt, duplex DNA end. Electrophoretic mobility shift assays (EMSA) were used to investigate the DNA end binding properties of the Fe-S mutants ( Figure  5A ). As reported previously, wild type AddAB displays a sub-nanomolar affinity for a 15 basepair duplex DNA molecule with short 3′ overhangs, such that 1 nM of the substrate DNA is completely shifted by a small excess of AddAB enzyme. In contrast, no DNA binding was observed by the mutant AddAB complexes even at concentrations of up to 200 nM.
In order to assess directly the requirement for the iron-sulfur cluster in dsDNA end binding, we combined reverse EMSAs with the method of luminol staining ( Figure 5B) (22, 23) . Native polyacrylamide gels were run for wild type and Fe-S mutant complexes in the absence and presence of excess DNA binding substrate and then stained for protein using Coomassie-blue. Each of the Fe-S mutant complexes ran as a single band ( Figure 5B , position I; Supplementary Figure  4B) , which was shown to contain both the AddA and AddB polypeptides by running SDS-PAGE in a second dimension (Supplementary Figure 4A) . This confirms our previous conclusion that the mutant AddAB proteins form stable complexes, even at the nanomolar concentrations used in this gel analysis. The mobility of the Fe-S mutant complexes was not altered by the presence of DNA, as would be expected based on their inability to shift labelled DNA in the conventional EMSA experiment ( Figure 5A ). Wild type AddAB ran as two distinct bands ( Figure 5B , positions I and II), both of which contained the AddA and AddB polypeptides in a ~1:1 ratio (Supplementary Figure 4A) and one of which co-migrated with the Fe-S mutant complexes ( Figure 5B, position I) . The amount of AddAB running in position I was found to vary (5-50% of the total material) in different preparations (compare samples "AddAB 1" and "AddAB 2" in Figure 5B ). Addition of DNA to wild type AddAB selectively shifted the band in position II, but had no effect on the band in position I that co-migrates with the Fe-S mutants.
We hypothesised that the band in position I represented wild type AddAB complex that had lost the iron-sulfur cluster and was consequently unable to bind dsDNA ends. To test this idea, we used the luminol method to stain the same native polyacrylamide gel for transition metals ( Figure 5B and Supplementary Figure 4B) . As expected, the Fe-S mutant complexes were not stained using luminol, indicating that they do not contain detectable levels of iron. In the lanes for wild type AddAB, the material in position II, but not in position I, was shown to contain iron. Because addition of DNA selectively shifted the band in position II, this gel demonstrates that the ironsulfur cluster is essential for dsDNA end binding, even in the context of the wild type amino-acid sequence. Moreover, because the shifted band (in position III) also stained positive for iron, we can conclude that the iron-sulfur cluster remains intact in the AddAB-DNA ternary complex.
This method revealed that wild type AddAB preparations contain variable proportions of the complex that lacks the iron-sulfur cluster. The amount of iron-free protein detected by native gel analysis correlates with the amount of iron found in different AddAB preparations using the bathophenanthroline method (see above). The wild type "AddAB 1" and "AddAB 2" samples shown in Figure 5B are the highest and lowest ironcontent preparations (respectively) that we have obtained to date. We have also observed that the amount of iron-free protein in each sample affects the exact position of the elution peak in gel filtration experiments (data not shown), and that the iron-free material in a wild type preparation is sensitive to proteolysis in the same manner as an Fe-S mutant complex (Supplementary Figure 3) . Furthermore, iron can be removed from the wildtype protein simply by incubating at 37 o C for long periods with a concomitant loss of DNA binding activity (data not shown).
The iron-sulfur cluster is essential for DNA break processing-Based on their inability to bind free dsDNA ends, one would expect the mutant AddAB complexes to be severely defective for any activity dependent on loading of the complex at its physiological substrate; a DNA break site. To test this, we compared the DNA helicase and DNA break processing activities of wild type and mutant AddAB complexes using established assays. We first monitored the processing of linearized plasmid DNA containing a single B. subtilis Chi sequence ( Figure 6A ). As expected based on previous work (32), wild type AddAB rapidly unwinds and degrades ~80% of the substrate DNA, generating a smear of ssDNA products and a Chi-specific ssDNA fragment. Under identical conditions, the Fe-S mutants display severely reduced substrate utilisation, consistent with an inability to initiate DNA duplex unwinding and degradation from DNA ends. To confirm this observation, we employed a real-time helicase assay (33) (Figure 6B ). Wild type AddAB unwinds a linearised plasmid substrate with a maximum observed rate of 550 bp s -1 (per DNA end). The Fe-S mutants displayed virtually no helicase activity, the traces being comparable to a control experiment with no enzyme. Furthermore, the Fe-S mutants were unable to compete with wild type AddAB for the free ends of the DNA, because pre-incubation of excess Fe-S mutant with the substrate had no detectable effect on DNA unwinding by wild type AddAB (data not shown).
The Fe-S mutants retain ssDNA-dependent
ATPase and ssDNA translocation activities-Given that our site-directed mutations had targeted the iron-sulfur cluster associated with the AddB subunit, we were interested in determining to what extent biochemical activities associated with the AddA subunit were retained in mutant AddAB complexes. The AddA subunit is the location of the single set of helicase motifs that are found in the AddAB complex. These motifs are a blueprint for a Superfamily I DNA helicase motor that is closely related to the well-studied UvrD/Rep/PcrA family of helicases. These enzymes couple ATP hydrolysis to directional translocation along a single strand of DNA, and their ATPase activity is strongly stimulated by single-, but not double-, stranded DNA (34, 35 ; and this work). The AddAB-and RecBCD-type helicase-nucleases contain SF1 helicase motors of this family which are, unusually, activated by both single-and double-stranded DNA (36) . However, the crystal structure of RecBCD shows how the dsDNAdependent ATPase activity results from the ability of the complex to load at free dsDNA ends and melt several base pairs, thereby presenting singlestranded DNA to the SF1 helicase motor in the canonical fashion (37) . Presumably, singlestranded DNA activates the ATPase by direct binding to the helicase domain, as is the case in other UvrD/Rep/PcrA family enzymes.
Using a coupled ATPase assay, we measured the initial rate of dsDNA-dependent ATP turnover in wild type AddAB as 170 s -1 (per DNA end) ( Figure 7A ). The Fe-S mutant complexes displayed reduced ATP hydrolysis (>10-fold) under identical conditions. In stark contrast to these results with duplex DNA as the co-factor, all four Fe-S mutant complexes displayed wild type ssDNA-stimulated ATPase activity ( Figure 7B ). This activity of the AddAB complexes is entirely dependent on the AddA helicase domain as it is abolished by mutation of the AddA helicase motif I (Yeeles and Dillingham, unpublished data), but is distinct from the equivalent activity of free AddA protein, which possesses a more potent ssDNA-dependent ATPase (data not shown). These results suggest that ssDNA motor activity may be retained in the Fe-S mutants, but that it cannot be targeted to free DNA ends to promote DNA break processing. We tested this idea further by monitoring ATPdependent translocation on single-stranded DNA using a streptavidin displacement assay (38) . All four mutant proteins were indeed capable of displacing streptavidin from the 5′ end of biotinylated oligonucleotides, albeit with greatly reduced efficacy compared to wild type AddAB (Supplementary Figure 5) .
DISCUSSION
We have shown that the prototypical AddAB-type helicase-nuclease from B. subtilis contains an iron-sulfur cluster. The cluster is associated with the C-terminal nuclease domain of AddB, which is responsible for the 5′>3′ nuclease activity of AddAB (16). Using site-directed mutagenesis, we identified four conserved cysteine residues that are required for cluster co-ordination. Three are closely spaced in a group to the Cterminal side of the AddB nuclease domain, while the final cysteine is located over 300 amino acids away on the N-terminal side of the domain ( Figure  1 ). Therefore, formation of the cluster pins back the nuclease domain, linking the extreme Cterminal region of the AddB polypeptide to a region at the start of the nuclease domain, by way of an iron-sulfur cluster "staple". Loss of the cluster by mutagenesis of any of the four cysteine ligands results in a localised loss of structural integrity at the nuclease domain, but does not detectably affect the global folding or stability of the AddAB complex. The cluster is required, directly or indirectly, for binding of AddAB to dsDNA ends and for all associated activities. In contrast, the ssDNA-dependent ATPase activity of AddAB is unaffected by loss of the iron-sulfur cluster and Fe-S mutant complexes retain the ability to translocate directionally on ssDNA, at least to a limited extent. We conclude that disruption of the iron-sulfur cluster eliminates the ability of the AddAB complex to correctly target its helicase motor domain to DNA break sites.
The AddAB complex contains a second nuclease domain associated with the AddA subunit. This does not contain an iron-sulfur cluster, despite being otherwise homologous to the AddB nuclease domain. Likewise, the single nuclease domain of the functionally-related RecBCD complex does not contain an iron-sulfur cluster and is not involved in DNA end binding. Interestingly, the C-terminal region of the RecC subunit shows partial structural similarity with a RecB-family nuclease domain, although the critical catalytic residues are no longer present (39, 40) . This region of the protein forms a channel at the front of the RecBCD complex that accommodates the 5′-terminated DNA strand at the junction with duplex DNA (37) . It is tempting to speculate that the AddB nuclease domain resides in an equivalent position to the RecC nuclease-like domain with respect to the DNA substrate. In that case, the "iron-staple nuclease" would be positioned at the front of the enzyme in a position where it could be involved with dsDNA end binding as we have demonstrated. Moreover, the nuclease domain would be appropriately positioned to degrade the 5′>3′ DNA strand during DNA translocation as observed (16).
The iron-sulfur cluster is conserved in all AddB sequences with a few interesting exceptions ( Figure 1B ). Despite possessing a high degree of overall sequence similarity to other AddB proteins, those found in lactic acid bacteria do not possess any of the four conserved cysteine residues. Not only are the cysteine residues missing, they have actually been conservatively replaced with alternative amino acids. Therefore, it seems plausible that AddAB complexes in lactic acid bacteria employ an alternative structural element to maintain the nuclease domain staple, but why should they do this? Unusually, lactic acid bacteria are relatively content to grow in media lacking iron and have been found to contain extremely low intracellular iron levels, possibly as part of a defence mechanism against the oxidative damage caused by hydroxyl radicals (41) (42) (43) (44) . Consequently, it is common for lactic acid bacteria to substitute iron-metalloproteins with proteins that lack iron or contain alternative metal cofactors (45, 46) . Therefore, although somewhat counterintuitive, the conserved replacement of all four cysteine ligands in this niche of AddB sequences actually re-enforces our conclusion that they are involved in iron-sulfur cluster co-ordination in "standard" AddB proteins. The AddB sequences of some pathogenic Campylobacter species, which face intense competition for iron during colonisation of the human intestine (47), also lack the conserved cysteines.
The Bacillus subtilis AddAB helicasenuclease is the latest addition to a rapidly growing list of nucleic acid enzymes that contain ironsulfur clusters. These have been shown to be involved in a variety of DNA transactions including DNA restriction, RNA primer synthesis, base excision repair, nucleotide excision repair and mRNA synthesis (20, 31, (48) (49) (50) (51) but this is the first example of an iron-sulfur cluster protein associated with a double-stranded DNA break repair pathway. Interestingly, most of these nucleic acid enzymes contain cubane-type [4Fe-4S] clusters as we strongly suspect to be the case in AddAB. Each of these clusters is co-ordinated by four conserved cysteine residues but the spacing and arrangement of the cysteine residues varies from enzyme to enzyme. For example, in both endo III and MutY all four cysteine residues are found in close proximity (with the spacing C-X 6 -C-X 2 -C-X 5 -C) and the clusters form discrete domains that were shown to be involved in DNA binding (52) . The residues between the first and second cysteine ligands form an "Fe-S cluster loop" (FCL), that is involved in making DNA backbone contacts (52) (53) (54) . In AddAB, the entire AddB nuclease domain resides in the region equivalent to the FCL, and so it seems unlikely that AddAB contacts the DNA backbone in exactly the same manner as the DNA glycosylases. The XPD-like DNA repair enzymes were the first helicases to be shown to contain iron-sulfur clusters (20) . Loss of the cluster results in the uncoupling of ssDNA-stimulated ATPase activity from DNA translocation and unwinding, and it was suggested that the cluster may target the helicase to the junction with dsDNA (55). Our results are consistent with a similar role for the iron-sulfur cluster in AddAB.
Iron-sulfur clusters fulfil a multitude of different functions including electron transport, iron storage, substrate binding, regulation of gene expression and structural roles (29) . At this stage, the available evidence minimally suggests that the iron-sulfur cluster in AddAB acts as a structural element that is important for DNA end binding, but the exact details of this interaction will await high-resolution structural information. We do not know whether the iron-sulfur cluster in AddAB is redox active, but its apparent absence from the Lactobacillus niche seems inconsistent with any mechanism invoking redox sensing or electron transfer as an essential feature. This question will be the subject of further investigation.
This study defines AddB as the prototypical member of a new family of iron-sulfur cluster associated nuclease domains. The data presented here show that the iron-sulphur cluster is intimately involved in the stability of the region of AddB that contains the nuclease domain, although the precise mechanism by which this stabilisation is afforded remains to be determined. We have found putative "iron-staple nuclease domains" in several other proteins by searching for the motif C-X 2 -C-X 5 -C in close proximity to RecB-family nuclease motifs ( Figure 1B, Supplementary Figure  6 ). This cysteine triplet was originally observed to the C-terminal side of RecB-family nucleases by Koonin and colleagues (18) . Crucially, we always find an additional conserved cysteine ligand (equivalent to C801 in AddB) distantly located on the N-terminal side of each of these domains. In AddB proteins, the iron-staple nuclease domain is coupled to an active SF1 helicase by virtue of the protein-protein interaction with AddA ( Figure 1) . Indeed, it may be that iron-staple nucleases always function in conjunction with a DNA motor, because we also found them as direct fusions to both termini of SF1 helicase domains. Of particular interest is the Dna2 protein, which contains a putative iron-staple nuclease linked to a C-terminal SF1 helicase domain. Dna2 is a conserved and essential eukaryotic protein that is thought to be involved in Okazaki fragment processing, DNA break repair and telomere maintenance (56) (57) (58) (59) (60) 
